Fungi of the phylum Zygomycetes fulfil all requirements for being utilized as core catalysts in biorefineries, and would be useful in creating new sustainable products. Apart from the extended use of zygomycetes in preparing fermented foods, industrial metabolites such as lactic acid, fumaric acid, and ethanol are produced from a vast array of feedstocks with the aid of zygomycetes. These fungi produce enzymes that facilitate their assimilation of various complex substrates, e.g. starch, cellulose, phytic acid, and proteins, which is relevant from an industrial point of view. The enzymes produced are capable of catalysing various reactions involved in biodiesel production, preparation of corticosteroid drugs, etc. Biomass produced with the aid of zygomycetes consists of proteins with superior amino acid composition, but also lipids and chitosan. The biomass is presently being tested for animal feed purposes, such as fish feed, as well as for lipid extraction and chitosan production. Complete or partial employment of zygomycetes in biorefining procedures is consequently attractive, and is expected to be implemented within a near future.
Introduction
Microbial fermentation has been used since ancient times. During the last century, however, petroleum-based refineries have prevailed over microbial routes for production of fine chemicals, due to the abundance and low cost of crude oil. Due to oil depletion forecasts, global warming, and the steadily increasing amount of waste products, the situation is now changed. Sustainable development is presently on the agenda, and great efforts have been composition), lipids, and chitosan (van . Zygomycetes are also capable of utilizing lipids and fatty acids. Being lipase producers, zygomycetes have been examined extensively for biodiesel production, using plant oil as well as animal fat as substrates (Ghosh & Ray, 2011) .
In addition to carbon sources, presence of nitrogen in the culture medium is crucial for optimal zygomycetes growth and final product yields. Various inorganic and organic nitrogen sources have been employed. Typically, inorganic nitrogen such as ammonium sulphate and ammonium nitrate has been used, but the organic nitrogen of peptone, urea, yeast extract, corn steep liquor, or even fish protein hydrolysate, may also be used (Vattem & Being filamentous fungi, zygomycetes can adopt diverse morphological forms when cultivated in submerged culture. Various factors such as medium composition, inoculum size, pH, temperature, aeration rate, and agitation speed, affect the fungal morphology (Gibbs et al., 2000) . They may grow as uniform filaments, evenly distributed throughout the cultivation medium, but also as entangled filaments, in clumps and pellets. The growth mode affects the rheological properties of the cultivation medium, and consequently, the overall process performance and final product yields (Gibbs et al., 2000) .
The pellet-mode of growth has been dominating in the zygomycetes research, since it results in lower broth viscosity. The possibility of performing high-density cultivation yielding significantly higher productivity has also been a significant factor. However, pellets need to be kept below a critical size to prevent oxygen limitation (Roa Engel et al., 2011) , and strategies for controlling the zygomycetes morphology has consequently been developed. control the morphology of R. oryzae in a CSTR. Small fluffy pellets, produced in the third preculture at pH 3.0, resulted in the highest fumaric acid production. Zhou et al. (2011) controlled the pellet size by varying the initial glucose and peptone concentrations. They observed that cell mass and fumaric acid yield tended to increase with decreasing pellet diameter.
To summarize, the ability to utilize a variety of non-expensive feedstocks for the production of valuable and diverse products (Fig. 1) warrants a high plausibility of zygomycetes being used as a core catalyst in a biorefinery. The capability of simultaneously generating more than one valuable product, e.g. a metabolite and biomass, might in particular have a significant impact on biorefining as a whole.
Metabolites of Zygomycetes
The metabolic versatility of zygomycetes makes them well suited for biorefining, and is central to the great research interest. They are reported to be valuable producers of metabolites, mainly lactic and fumaric acid, but also ethanol, from many different substrates, and using various fermentation designs. So far, research has focused primarily on two genera, Rhizopus for production of organic acids, and Mucor for ethanol production. Focus has then been on production of lactic acid, rather than on production of the other metabolites.
In the metabolism of zygomycetes, pyruvate, the final glycolysis product, can be directed into different pathways. The shortest pathway leads directly to the production of lactic acid via lactate dehydrogenase. Another pathway is via the cytosolic reductive TCA, after which fumaric acid is produced, and in which cytosolic fumarase plays an important role. Pyruvate may also be diverted via pyruvate decarboxylase for acetaldehyde production, and be further converted into ethanol by alcohol dehydrogenase (Bai et al., 2004) . Consequently, activity and substrate affinity of these enzymes differ, depending on the individual strain, and will thus decide the amounts of metabolites produced (Oda et al., 2002) . Stress has been shown to be a requirement for production of organic acids and ethanol. Nitrogen-limiting conditions trigger production of organic acids, whilst oxygen-limiting or anaerobic conditions are necessary for production of ethanol (Lennartsson, 2012) . Rhizopus species are divided into lactic and fumaric acid producers, based on the yields of these organic acids (and other metabolites). Interestingly, the Rhizopus species mainly producing lactic acid possess two lactate dehydrogenase genes, ldhA and ldhB, while the fumaric acid producers only had the ldhB gene (Saito et al., 2004) . The metabolic differences have been confirmed by a phylogenetic analysis of DNA sequences (Abe et al., 2007) . Since the production of organic acids is associated with non-growth, a two-stage strategy comprising a cell-growth stage and a production stage needs to be applied. In the cell growth stage, the zygomycetes are kept in a relatively rich medium. In the production stage, the produced biomass is cultivated in a nitrogen-limited medium to promote production of organic acids (Wu et al., 2011) . Additional requirements for the organic acid production are oxygen-rich conditions and a neutralizing agent to maintain the pH-value in the medium (Zhang et al., 2007) .
Lactic acid
Lactic acid (CH 3 CHOHCOOH) is the most widely occurring organic acid in nature, and has two known isomers, L(+)-lactic acid and D(-)-lactic acid. Food applications require L-lactic acid, and this isomer is also the preferred monomer for polylactide manufacturing. Other applications for lactic acid are found within the pharmaceutical, leather, cosmetic, chemical, and textile industries. The global market for L-lactic acid has steadily increased, and has been projected to reach 500,000 (metric) tons per year by 2012 (John et al., 2007).
L-lactic acid production by Rhizopus strains has been extensively investigated, seeking to replace the chemical route of fermentation with lactic acid bacteria. Rhizopus species hold an important advantage over bacteria in their ability to produce L-lactic acid in a less expensive medium. Zhang et al. (2007) reviewed the intense research on the development of L-lactic acid production, using free and immobilized Rhizopus cells. The research on this subject is still continuing, and the findings are summarized in Table 1 . Glucose is the most studied substrate for L-lactic acid production. However, other production routes, using starchy and lignocellulosic materials as more cost-effective feedstocks, have also been explored (Zhang et al., 2007) . In addition to glucose, sucrose is being examined for L-lactic acid production; the yield of 0.81 g/g is however difficult to obtain on a regular basis (Guo et al., 2010) . In a recent study concerning the use of starch-containing substrates, a yield of 0.72 g L-lactic acid per gram potato starch was attained, when using Rhizopus in pellet form (Yen & Lee, 2010) .
Glucose, however, has been reported to yield up to 0.90 g/g L-lactic acid (Wu et al., 2011) , which also surpasses the yield and productivity, using xylose as substrate. Some improvements have nevertheless been made towards xylose conversion into L-lactic acid. Lignocellulosic materials, however, require further analyses prior to economical evaluations.
Fumaric acid
Fumaric acid (HO 2 CCH=CHCO 2 H) is a naturally occurring four-carbon dicarboxylic acid, and has been identified as one of the top ten chemicals to be produced via fermentation on an industrial scale. Due to its non-toxic and non-hygroscopic properties, it is frequently used in food and pharmaceutical industries. Studies on lignocellulosic materials for fumaric acid production are scarce (Table 2) Research on fumaric acid production on a larger scale is missing in literature; Exploring highperformance Rhizopus strains, is still at want, and so is a broader perspective in terms of utilizing alternative substrates. Even so, given its potentials, the production of fumaric acid will most likely trigger intense experimentation in coming years, and its conceivable suitability for application in a biorefinery concept should therefore not be ignored.
Ethanol
Several Zygomycetes species are known to produce ethanol (CH 3 
Enzymes
Zygomycetes fungi are the source of a great diversity of enzymes (Table 3 ). Ghosh and Ray
Amylases
The production of amylases and glucoamylases enables the zygomycetes to carry out var. rhizopodiformis in solid-state fermentation, using a mixture of wheat bran, corncob, starch, and saline solution. R. oryzae isoamylase was capable of using starch-containing waste food-stuffs. These included rice extract and bred dust, as well as soluble potato starch and various domestic starchy effluents, including arrowroot, tamarind kernel, tapioca, and oat (Ghosh & Ray, 2011 ).
In conclusion, with reference to zygomycetes being very potent amylase producers, already involved in industrial processes, it is practically certain that they will continue to be commercially exploited. The potentiality of amylase production playing an important role in biorefining may thus be deemed high.
Cellulases and related enzymes
Zygomycetes fungi have also been screened for production of enzymes exhibiting cellulolytic activities. Saha (2004) demonstrated the presence of a complete cellulase system in Mucor circinelloides, comprising endoglucanase, exoglucanase, and β-glucosidase. Endoglucanases produced by zygomycetes in liquid medium containing chitin or wheat bran, have been investigated and compared to commercial endoglucanases. Potential applications for endoglucanases appear in the brewery industry, where these enzymes lead to lower viscosity (Celestino et al., 2006) , and in the textile industry, where they induce higher defibrillation activities on lyocell fabric as well as lower resistance to anionic surfactants and oxidizing agents (Shimonaka et al., 2006) . In the animal feed industry, the enzymes showed higher thermostability and activity at pH 2.6-6.5 than current commercialized β-glucanases ( Rhizopus microsporus by employing solid-state fermentation, based on wheat bran, straw, and grain sprouts, and also submerged fermentation, based on xylose, maize extract, and salts.
Endo-xylanase production by a R. oryzae strain during cultivation in xylan-containing agricultural by-products, including wheat straw, cotton residues, hazelnut shells, corn cobs, and oak sawdust, has furthermore been reported (Ghosh & Ray, 2011 ).
The production of a variety of cellulases and related enzymes by different zygomycetes has been well demonstrated. However, acknowledging the competition from fungi specialized in cellulose degradation, zygomycetes-based enzymes will probably reach only limited markets.
The most feasible enzyme solutions are those with various types of activities and niche markets. Whether there is sufficient incentive for commercial production of zygomycetesbased enzymes, remains to be seen.
Pectinases
Zygomycetes are promising sources of pectinases. Pectin is a polymer of mainly α-(1,4)- To summarize, zygomycetes fungi appear to be very well suited for production of pectinases, as is confirmed by the presence of these enzymes on the market today, which makes pectinases one of the top products to be derived from a zygomycetes-based biorefinery.
Proteases
Zygomycetes are since long acknowledged as potential sources of proteases. The high protein content and digestibility of fermented foods such as tempe, is related to the proteolytic activity of Rhizopus sp. on soybean seed proteins (Heskamp & Barz, 1998) . Proteases are categorised as alkaline, neutral, or acidic, based on their catalytic mechanism and consequent pH optimum for activity. Alkaline proteases have extensive applications in washing-materials, whereas acidic proteases are used in food processing. Fungal acidic proteases are considered feasible substitutes for three important proteases involved in food processing, namely, pepsin, rennin, and papain (Ikasari & Mitchell, 1996) . Several aspartic proteases (including pepsins and rennins) have been isolated, purified, and characterized from zygomycetes. Rhizomucor species are good producers of rennins with milk-clotting properties, and have been used in cheese production for a long time. Several Mucor strains are also confirmed to be a promising source of milk-clotting enzymes, with unique technological properties. Their production in submerged culture has been analysed, using casein, gelatine, glucose, and fructose, or more complex substrates such as soybean meal, wheat bran, and cheese whey, as carbon substrates Protease production is widespread among zygomycetes fungi. In view of this and the valuable protease applications within the food industry, the processes for producing these enzymes by using zygomycetes will most certainly continue their straightforward development towards biorefining.
Steroid 11 α-hydroxylases
The 11α-hydroxylation of progesterone by Rhizopus nigricans, an important reaction in the production of therapeutic steroid drugs and hormones, has been utilized in the industry for Although the use of steroid 11α-hydroxylases at industrial scale is well established today, there is indeed room for improving the versatility of the process. Studies on different types of substrates are limited, and so is the knowledge relating to morphological control during continuous cultures. Regardless, considering the value of the process, its potential within biorefining is granted.
Phytases
Phytases are acidic phosphohydrolases that catalyse the release of phosphate from phytate Phytase production by zygomycetes has mostly been examined in solid-state fermentation.
Sesame and groundnut oil cakes, and a mixture of wheat bran and sesame oil cake, were good substrates for phytase production by Mucor racemosus (Roopesh et al., 2006) . A mixture of coconut and sesame oil cakes, supplemented with glucose and ammonium nitrate, was also a good solid medium for phytase production by Rhizopus sp. (Ramachandran et al., 2005) . Two intracellular phytases have recently been isolated from R. oligosporus grown in rice flour suspension, and were shown to have broad affinity for various phosphorylated compounds (Azeke et al., 2011) .
Research on phytase production has been somewhat limited to solid-state fermentation, where scalability is a problem. Studies addressing phytase production in submerged culture are probably needed to fully evaluate the potential of commercializing the process. However, contemplating its economic potential, if the scalability problems are solved, phytase production could play a central role in a future zygomycetes-based biorefinery
Other enzymes and enzymatic co-production
Tannase, urease, and lipases are other enzymes produced by zygomycetes (Ghosh & Ray, 2011) . Lipases, in particular, are among the most used biocatalysts in organic reactions.
Beyond being able to catalyse the hydrolysis of fats and oils, releasing free fatty acids, diacylglycerols, monoacylglycerols, and glycerol, lipases can also catalyse synthetic reactions in non-aqueous media. A relevant practical application of Rhizopus lipases has been the transesterification of plant oils and animal fats, with methanol. The reaction produces fatty acid methyl esters (biodiesel), which has gathered increased interest due to its promise as a green replacement of petroleum based fuels (Ghosh & Ray, 2011) . Another aspect that might be worthy of consideration is the expression of multiple enzymes, occurring in correlation with adequate induction by specific substrates. Oda et al. (2002) claimed for instance that R. oryzae grown in potato pulp produced cellulase, pectinase, and amylase, which made it suitable for L-lactic acid production. Moreover, the capability of R. oryzae to use pearled oat flour has been utilized for production of glucoamylase, protease, and phytase (Koutinas et al.,
2007).
Undoubtedly, zygomycetes fungi are sources of a wide range of enzymes, and the potentiality of these fungi in various industrial areas is far from being fully realized. A full-scale process for biodiesel production based on lipase-producing zygomycetes might well be conceivable in a near future. The process would be particularly interesting if integrated with a biorefinery concept. In a world facing forecasts of food-grade protein depletion, zygomycetes will undoubtedly provide a high value alternative to plant proteins and vegetable oils. Its high-value composition of protein, nutritionally relevant lipids, amino acids, and chitosan will certainly promote committed research towards zygomycetes biomass production, which appears particularly promising within a biorefinery concept. The commercial production of single-cell oil from zygomycetes in biorefineries has long been a reality.
Zygomycetes biomass

Applications of zygomycetes cell mass
In addition to their valuable biomass composition, zygomycetes possess advantages concerning application within feed production. The strains already employed in preparing fermented foods for human consumption are deemed to be GRAS (Generally Regarded As Safe), which significantly reduces the amount of testing required prior to a full-scale process (Lennartsson, 2012) . Further, zygomycetes generally contain relatively small amounts of nucleic acids that, due to the uric acid produced when catabolized, are a limiting factor for human or animal consumption (Solomons & Litchfield, 1983) . The pleasant taste and smell of the produced biomass, and its easy separation from the medium, are additional advantages of using these fungi in the feed industry (Lennartsson, 2012). The first steps towards a commercial scale of zygomycetes biomass production have been taken, using spent sulphite liquor as substrate. The acceptance of the biomass as fish feed has already been confirmed. It is therefore highly conceivable that zygomycetes biomass will be a part of biorefining, as a foundation for feed production.
Conclusions
The establishment of biorefineries with zygomycetes as central catalysts is undoubtedly promising. Their ability to grow on starch-based and lignocellulose-based substrates opens the possibility of using an array of cost-effective waste materials. Altogether, zygomycetes hold great potential for the establishment of a platform for production of fine chemicals, enzymes, fungal biomass for food purposes, and lipids. Given their versatility regarding fermentation designs, an intensification of zygomycetes research to valorise organic waste materials, and an establishment of biorefineries, using these filamentous fungi in the main core, is expected in a near future. 
